The systematic analysis of imaged pathology specimens often results in a vast amount of morphological information at both the cellular and sub-cellular scales. The information generated by this process has tremendous potential for providing insight regarding the underlying mechanisms of disease onset and progression. While microscopy scanners and computerized analysis are capable of capturing and analyzing data rapidly, microscopy image data remains underutilized in research and clinical settings. One major obstacle which tends to reduce wider adoption of these new technologies throughout the clinical and scientific communities is the challenge of managing, querying, and integrating the vast amounts of data resulting from the analysis of large digital pathology datasets. This paper presents a data model, which addresses these challenges, and demonstrates its implementation in a relational database system.
The work described in this paper originated from the challenges associated with characterization of micro-scale features for comparative and correlative analyses involving whole slides tissue images and tissue microarrays. Technologies for digitizing tissues have advanced significantly in the past decade. Slide scanners are capable of producing high-magnification, high-resolution images from whole slides and tissue microarrays within several minutes. Hence, it is becoming increasingly feasible for basic, clinical, and translational research studies to produce thousands of whole slide images.
Systematic analysis of these large datasets require efficient data management support for representing and indexing results from hundreds of interrelated analyses generating very large volumes of quantifications such as shape and texture and of classifications of the quantified features.
Methods and Material:
We have designed a data model and a database to address the data management requirements of detailed characterization of micro-anatomic morphology through many interrelated analysis pipelines. The data model represents virtual slide related image, annotation, markup and feature information. This set of information includes a) context relating to specimen preparation, special stains etc, b) human observations involving pathology classification and characteristics, c) algorithm and human-described segmentations, features and classifications, and d) a description of the computation being carried out and identification of input and output datasets. The database supports a wide range of queries. Typical queries include: a) queries needed to obtain combinations of image and metadata required for certain analytic procedures, b) queries needed to compare results obtained from different algorithms and to compare algorithm results with human annotations and markups, c) spatial queries, such as those used to assess relative prevalence of features or classified objects in various portions of slides or to assess spatial coincidence of combinations of features or objects, d) queries needed to support selection of collections of segmented regions, features, objects within and across virtual slides used to carry out machine learning or content based information retrieval algorithms.
Results:
We currently have three databases running on a Dell PowerEdge T410 server with CentOS 5.5 Linux operating system. The database server is IBM DB2 Enterprise Edition 9.7.2. The set of databases consists of 1) a tissue microarray (TMA) database containing image analysis results from 4740 cases of breast cancer, with 641MB storage size; 2) an algorithm validation database, which stores markups and annotations from two segmentation algorithms and two parameter sets on 18 selected slides, with 66GB storage size; and 3) an in silico brain tumor study database comprising results from 307 TCGA slides, with 365GB storage size. The latter two databases also contain human generated annotations and markups for regions and nuclei.
The data model and the database infrastructure are being employed in applications that 1) implement a systematic approach for validating image segmentation algorithms; 2) employ the database to investigate whether glioma morphology correlates with gene expression data; and 3) investigate relationships between microscopic and macroscopic features.
Conclusions:
Our experience with the in silico study of brain tumors has shown that data sets resulting from analyses of digitized slides can be extremely large. Modeling and managing pathology image analysis results in databases provides immediate benefits on the value and usability of data through standardized data representation, data normalization, and
Introduction:
High-resolution digitized pathology images contain a wealth of spectral and morphologic features related to the microanatomy of the tissues under study. Examination of the subtle differences exhibited by diseased tissue at the cellular and sub-cellular levels has potential to improve characterization of the histologic type, stage, prognosis, and likely treatment response.
For example, the morphologies of cell nuclei, their infiltrative patterns, the development and extent of new blood vessels, and degree of necrosis, are all measurable features of significant interest in the study of diffuse gliomas. The classifications of brain tumor nuclei based on morphology can be studied to look for genetic correlations, create image-based computational biomarkers, and assess patient survival.
Technologies for digitizing microscopy have advanced significantly in the past decade. Slide scanners are capable of producing high-magnification, high-resolution images from whole slides and tissue microarrays within several minutes. It is rapidly becoming feasible for even mediumscale studies to routinely generate thousands of whole slide images. At this scale, the subjective process of manually capturing and classifying histopathological features is both time consuming and likely to increase observer variability and errors [1] .
Computerized image analysis offers a means of rapidly carrying out quantitative, reproducible measurements of micro-anatomical features in high-resolution pathology images and large image datasets. Nevertheless, image data is often an underutilized resource in biomedical research, since reliably analyzing even moderate numbers of virtual slides leads to a formidable information synthesis and management problem. As we shall describe in the next section, systematic analysis of large-scale image data can involve many interrelated analyses on hundreds or thousands of images, generating billions of quantifications such as shape and texture, as well as classifications of the quantified features.
In this paper, we describe a data model, referred to as Pathology Analytic Imaging Standards (PAIS), and a database implementation, which are designed to support the data management and query requirements of detailed characterization of micro-anatomic morphology through many interrelated analysis pipelines on whole slide images and tissue microarrays.
The data model represents virtual slide related image, annotation, markup and feature information. This set of information includes a) context relating to patient data, specimen preparation, special stains, etc.; b) human observations involving pathology characteristics; and c) algorithm and human-described segmentations, features, and classifications. Moreover, it supports the provenance of the markups and annotations through a description of the computation being carried out and an identification of input and output datasets.
The database supports a wide range of queries. Typical queries include: a) those needed to obtain combinations of image and metadata required for certain analytic procedures, b) those needed to compare results obtained from different algorithms and to compare algorithm results with human annotations and markups, c) spatial queries, such as those used to assess relative prevalence of features or classified objects in various portions of slides or to assess spatial coincidence of combinations of features or objects, d) queries needed to support selection of collections of segmented regions, features, objects within and across virtual slides used to carry out machine learning or content based information retrieval algorithms.
The data model and the database have been successfully used for algorithm validation and integrative in silico study of brain tumors as shall be presented later in the paper. The PAIS data model is capable of capturing detailed markups and annotations, while allowing for an efficient implementation using the relational database technology. We have shown that the PAIS database enables more expressivity and efficiency in retrieving, comparing, and mining vast amounts of results than those achieved using a programmatic approach (i.e., MATLAB scripts) only.
Background:
We will use a research project underway at the In Silico Brain Tumor Research Center Software systems and data models have been developed for managing and accessing digitized microscopy images and large image datasets. The virtual microscope system [4, 5] is designed to support the storage, retrieval, and processing of very large microscopy images on high-performance systems. The Open Microscopy Environment (OME) project [6] has developed a data model and a database system that can be used to represent, exchange, and manage image data and metadata. The OME provides a data model of common specification for storing details of microscope setup and image acquisition. Cell-Centered Database (CCDB) [7, 8] is a system and data model developed to capture image analysis output, image data, and information on the specimen preparation and imaging conditions that generated the image data.
The CCDB implements an ontology link to support semantic queries and data sources federation. The ImageMiner system [9] implements capabilities for content-based image retrieval for tissue microarray datasets. The Bio-Imaging Semantic Query User Environment (BISQUE) [10] and associated tools like the Digital Notebook allow a biologist to capture image datasets and associated experiment metadata and manage them in a BISQUE database, which is built on a relational database system. Content-based image retrieval approaches and systems have also been implemented to support rich queries on image data [11] [12] [13] [14] [15] [16] . One of the early systems with application in biomedicine employed methods to express the global characteristics of images as a measure of the Gleason grade of prostate tumors [17, 18] . to efficiently support automated characterization of Neuroblastoma using a multi-resolution grid based framework [21] .
Most of the previous work in microscopy image data management is targeted at remote access to and sharing of microscopy images and annotations, and is not primarily designed to ImageReference class is associated with Subject, Specimen, AnatomicEntity, and Equipment classes, which collectively capture metadata about how the corresponding image has been acquired.
The Region class is used to identify the area of interest from an image (e.g., a specific tile from a whole slide image, or an area that contains a disc image in TMA image) for the purpose of To identify objects and relationships within a PAIS instance, an id attribute (unique in the PAIS instance scope) is associated with each PAIS object. Globally unique ids (UIDs) are also associated with objects that could potentially be shared across multiple PAIS object instances, such as Specimen, Project, Group, Collection, Annotation and Markup. The UIDs are based on the UUID standard [8] .
Database Implementation
We have implemented a database infrastructure (Figure 2 ) to manage microscopy analysis results expressed in the PAIS model. The PAIS Data Repository component encapsulates the database and the data loading and query subcomponents. The database is designed to support queries on both metadata and spatial features for data retrieval, comparative data analysis, and algorithm validation. The types of queries include:
• Queries involving combinations of image and algorithm metadata to retrieve analysis results.
An example of this type of queries is: Find all markups with area between 200 and 500 square pixels, and eccentricity between 0 and 0.5 on image "astroII".
• Queries to compare results obtained from different algorithms and to compare computergenerated results with human annotations and markups. Examples are: Find the average glioma grades of nuclei segmented and calculated by algorithm "NSMORPH" for each human segmented region on image "OligoIII" grouped by human classification. Compare the average "Sum Canny Pixels" feature calculated from algorithms between the "Proneural" and "Mesenchymal" tumor subtypes.
• Spatial queries, such as those used to assess relative prevalence of features or classified objects in various portions of slides or to assess spatial coincidence of combinations of features or objects. Examples of spatial queries are: Find all segmented nuclei from algorithm "NSMORPH" with parameter set 1 in the region segmented by human as "Astro grade II" on image "gbm0". Find nuclei in region [100,100:1000,1000] that are detected by Algorithm "NSMORPH-1" and that intersect with those detected by Algorithm "NSMORPH-2" on image "OligoIII".
We have used a relational database backend in our implementation, although results expressed in the PAIS model are exchanged using XML documents. Our performance evaluation has showed that the relational database approach is more efficient than a native XML based approach in our case for a wide range of queries. The PAIS database is comprised of a set of tables mapped from the PAIS logical model. The database schema has 1) a data staging table for storing compressed PAIS documents submitted from clients and tracking jobs of data mapping; 2) metadata tables for storing metadata on images, subjects, projects, and experiments; 3) spatial tables for storing markup shape objects; 4) calculation tables for computed image features -multiple calculation tables provided for different feature sets; 5) observation tables (nominal or ordinal) for annotations; 6) vocabulary tables to define the common data elements used for calculations, observations and anatomic entities; 7)
provenance tables for storing algorithm information and analysis parameters; and 8) application tables such as validation tables for storing pre-computed markup intersection information When a PAIS XML document zip file is received by the system, an entry is created in the staging table for storing the zip file. The data loading manager on the database server parses each document in the staging table with an efficient event based XML parser, and maps the contents of the document to the database tables by generating SQL batch insertion requests.
The data uploads are optimized in a batch and resource-efficient manner, and populate relational and spatial tables. To provide smooth workflow, we also track the loading status of each document, and log any exceptions in the workflow. This could guarantee continuous workflow under error conditions.
Results:
We currently have three PAIS databases running on a Dell PowerEdge T410 server with CentOS 5.5 Linux operating system. The database server is IBM DB2 Enterprise Edition 9.7.2.
The set of databases consists of 1) a tissue microarray (TMA) database containing image analysis results from 4740 cases of breast cancer, with 641MB storage size; 2) an algorithm validation database, which stores markups and annotations from two segmentation algorithms and two parameter sets on 18 selected slides, with 66GB storage size; and 3) an in silico brain tumor study database comprising results from 307 TCGA slides, with 365GB storage size. The latter two databases also contain human generated annotations and markups for regions and nuclei.
Applications
We present three applications that demonstrate the use of PAIS for algorithm validation, in silico research, and correlative analysis. The first application implements a systematic approach for validating image segmentation algorithms. Sampling and result comparison queries in this application are supported by the PAIS database. The second application employs the PAIS database to investigate whether glioma morphology correlates with gene expression data. The third application is a new project investigating relationships between microscopic and macroscopic features.
Application 1: Algorithm Validation
The evaluation and validation of image analysis algorithms is an important component in imaging studies, because the efficacy of an analysis pipeline will generally be dependent on the characteristics of specimens and images used in the study, the types of algorithms employed, and the study's objectives. We have developed a systematic framework and workflow ( Figure 3) for evaluating results generated by computer algorithms employed in studies carried out in ISBTRC.
In this framework, nuclear boundaries marked and annotated by pathologists and pathology residents are considered ground truth against which algorithm-generated results are compared.
Image datasets used in validation are organized by three hierarchical spatial concepts in increasing order of granularity: slide, tile, and subregion. To make computer analysis tractable on large whole slide images, each slide is partitioned into a series of tiles with 4096x4096-pixels in size under 20X objective magnification. Even at this resolution, a tile can contain tens of thousands of nuclei, making it infeasible for human experts to mark boundaries for all nuclei in the tile. Hence, the tiles are further divided into 8x8 sub-regions for human processing -our experiments with different subregion sizes showed that human reviewers could analyze one 8x8 sub-region within 10 minutes on average.
The overall validation workflow includes five major steps as shown in Figure 3 : 1) image partitioning of whole slide images into small regions for processing and annotation, 2) stratified sampling to generate a sound set of regions, 3) nuclei analysis with algorithms and human annotations, 4) result representation and loading into the database, 5) and statistical validation analysis. The PAIS database is employed in multiple steps. In the stratified sampling step, the database is first used to create a set of subregions for each tile with a stored procedure. An initial algorithm result set is loaded into the database. When a tile is partitioned into subregions, the subregion and markup containment relationship is computed through a spatial containment query and persisted in a table. The number of nuclei in each subregion can then be obtained by searching the table with a count and group-by query. All of the subregions for each tile are grouped into sets of "low", "average", "high", and "very high" counts and stored in another table. A set of sub-regions are then randomly selected from each group for comparisons. Sub-regions from stratified sampling are reviewed by human experts with a graphical user interface. The markups from each review are captured into an XML document, which is then validated and parsed into the PAIS database.
The PAIS database is also used to compute statistics for differences and similarities between human generated results and computer generated ones. For example, the database is queried to retrieve only nuclei that have one-to-one match between algorithm-and humangenerated results. If a human marked nucleus contains multiple machine-segmented nuclei, it is not included in the final evaluation study. For each of one-to-one nuclear pairs, three measuresoverlapping to union ratio, centroid distance, and Hausdorff distance -are computed with either database built-in functions or user-defined functions.
Application 2: In Silico Correlative Morphometric Study
A previous study of glioblastoma has defined four clinically-relevant tumor subtypes by differences in gene expression and characteristic genomic alterations [24] . We have utilized the PAIS database in an effort to examine the morphological correlates of these tumor subtypes space -in our case, it was a 2849-dimensional space, since a nucleus had 74 features.
Queries for mean, standard deviation, and covariance of feature calculations are supported through IBM DB2 SQL queries with DB2's built-in aggregation functions: the AVG, STDDEV, and COVARIANCE functions, respectively. With the PAIS database query support on morphological signature computation for whole slide images, we were able to correlate nuclear morphometry with clinically relevant molecular characterizations and to produce preliminary result suggesting a possible relationship between nuclear morphometry and the established clinically relevant molecular glioblastoma (GBM) tumor subtypes.
Application 3: Correlative Study on Liver Biopsy
We are currently carrying out a study to quantify the relationship between the area of liver steatosis regions, clinical parameters such as liver functional studies, and radiology quantization measurements. This study involves a large set of liver biopsies with both microscopy and radiology images. The properties of the liver organs reflected in the radiology images, such as measurements of steatosis (i.e., fat content) and fibrosis (i.e., scarring), will be measured by experienced radiologists. The microscopy images will be analyzed by machine algorithms. Due to vast number of steatosis regions in each image, manual segmentation and annotation of images becomes very difficult. We are developing machine algorithms to identify all steatosis regions with certain constraints (e.g., constraints on size and shape). This information derived from microscopy imaging will then be integrated with the radiology readouts from the associated magnetic resonance imaging (MRI) images.
All numerical features derived from steatosis as well as the locations of the steatosis regions will be captured in the PAIS database. The radiology readouts will be stored in a database built on the AIM data model [23] . These two databases will be used to investigate how the measure of correlation between structures at different scales (e.g., microvesicular versus macrovesicular steatosis) is varied as the cut-off values of properties used in machine algorithms are changed.
This is particularly important because certain features such as the type of steatosis can be very crucial in predicting the functional status of the liver [26] . This will be done by generating queries on the PAIS database to search for and retrieve only the steatosis regions that satisfy a set of user-defined criteria on the properties and spatial locations of the regions, and by comparing the query results with the radiology readouts from the same images.
Database Performance
The PAIS database is designed to be fast for metadata and spatial queries and queries involving comparisons of results from different analyses. To undertake a performance evaluation of the database, we selected 18 slides, and loaded image analysis results from two different algorithm parameter sets and human annotated results. The total volume of data amounts to about 18 million markups and 400 million features. We selected different types of queries that are typical in our use cases and ran them against the PAIS database and as MATLAB programs. We chose MATLAB for comparison instead of a C/C++ implementation, because MATLAB is a platform more commonly used for algorithm development and analysis by imaging researchers, although an implementation of the same operations in C/C++ could achieve lower execution times. There are additional performance improvements that can be implemented on these implementations [27] [28] [29] [30] [31] . In an earlier work we performed a detailed comparison of different database configurations for spatial joins [29] . Our results showed we could take advantage of combined processing power and memory capacity of multiple machines by carefully distributing database contents and modifying queries. We plan to carry out a similar performance study for the PAIS database in a future work. Spatial queries are common in our use cases. They are used for retrieving contained markup objects, the density of markup objects, comparisons between different algorithm results, or between human generated and algorithmic results. Spatial queries are also used for constraining analysis on certain regions, such as human annotated regions (e.g., tumor regions) or regions classified by an analysis algorithm. The spatial database engine in DB2 Spatial
Extender provides automatic query optimization on spatial predicate-based queries through its grid based spatial index. We take advantage of this index to speed up queries. Each spatial region is divided into multi-level grids and indexed. These grids can be used to efficiently identify markups (segmented regions) that are in two different datasets and that intersect each other.
Instead of comparing a markup with all markups across the whole image from the other dataset, the grid-based index can be invoked to retrieve markups that intersect the same grid as the query markup. In this way, the set of comparisons is reduced significantly, and linear scalability can be achieved.
Conclusions and Discussion:
Effective use of large microscopy image datasets in basic, clinical, and translational research requires the application of many interrelated analyses for the detection and detailed classification of morphological characteristics. Our experience with the in silico study of brain tumors has shown that data sets resulting from these analyses can be extremely large.
Modeling and managing pathology image analysis results in databases provides immediate benefits on the value and usability of data through standardized data representation, data normalization, and semantic annotation. The database provides powerful query capabilities, which are otherwise difficult or cumbersome to support by other approaches such as programming languages. Advanced database access methods can be employed to make queries efficient. Besides, all query interfaces are through standardized SQL query language, which is highly expressive and natural for data retrieval and comparison operations.
Standardized, semantic annotated data representation and expressive interfaces also make it possible to more efficiently share image data and analysis results.
However, moving data from unstructured representation to a structured one is challenging.
The first major challenge is the big gap between researchers who work on imaging algorithms and database researchers and developers. Image algorithms researchers focus on algorithms and programming languages, whereas database developers tend to look at the problem from the point of view of data models, query languages, and query optimization methods. This project has been made possible through extensive collaboration as a team of multi-disciplinary people to map imaging questions into database questions. The second major challenge is to generate valid structural data. Databases have rigid requirements on data validity, such as integrity constraints and data types, especially complex spatial data types. Human generated annotations such as freehand drawing boundaries are often invalid polygons (e.g., unclosed or self-crossing polygons). We have detected in our studies more than a dozen scenarios of invalid polygons. We have developed a set of computational geometry algorithms and validation tools to fix such scenarios and transform them into valid spatial data types acceptable by the spatial database engine. The third challenge is to provide a generic and user-friendly document generator that can be used in diverse applications. Applications oftentimes have their own
proprietary data representations and naming conventions, e.g., format on encoding patient id in file names. To let application users develop their own document generation tool is difficult.
Instead, we have developed a customizable PAIS document generator framework, which takes a simple plain file based representation of results and annotate the data with additional metadata conventions defined in an XML based customization file. This approach significantly simplifies users' effort for document generation. They only need to convert their algorithms' results into this simple plain file format, and documents are then automatically generated.
In our current implementation we have chosen a relation database implementation of the PAIS model. XML native databases are becoming mature technologies and have many advantages on managing XML documents. In this approach, XML documents are managed as they are, and no mapping between data models and query languages is needed. Besides, XML databases provide XML query languages such as XQuery and SQL/XML to express powerful queries. One immediate benefit of XML-based approach is that data exchanging is made easy.
XML databases are also much tolerant to schema evolutions. Another significant benefit is that application development is simplified because no mapping from the XML schema to the relational schema is needed. However, native XML based approach is more suitable for managing small sized XML documents such as those generated from tissue microarray image analyses. The relational database based implementation, on the other hand, is highly efficient on both storage and query performance for managing and querying large-scale result data. The side effect is major effort needed on developing efficient tools for mapping XML documents into relational and spatial tables.
We plan to extend our current work in several ways: The current PAIS database server runs on a single node machine where no parallel I/O is provided. We have observed that the database performance is mainly bounded by the I/O bottleneck. We are working on scaling up database with parallel I/O capabilities and data partitioning through parallel database infrastructure. We are putting together multiple physical RAID-5 disk arrays on a single node, and testing data partitioning on multiple physical nodes as well. We expect this will boost the performance by an order of magnitude.
Another ongoing work is the investigation of MapReduce [32] Image analysis results often need to be queried together with images to, for example, visualize images with markups and annotations, retrieve image regions based on characteristics, etc. This needs a database of managing images used in the studies, thus integrated querying capabilities are possible through the image database and the PAIS database. We are designing the database and implementing a set of tools to support such combined queries leveraging the work done in virtual microscope software systems.
